Introduction
The dyeing of cellulose with direct dyes has been studied in detail by Neale and his collaborators, and a quantitative theory to account for the effect of dye and electro lyte concentration on the adsorption equilibrium has been developed by Hanson, Neale & Stringfellow (1935) . More recently, a slightly different theory has been described by Willis, Warwicker, Standing & U rquhart (1945) , supported by a very full examination of the adsorption of Chrysophenine G on cellophane sheet. The two theories are based on common postulates and differ mainly in the mathematical development and the simplifying assumptions which are adopted. Both assume th a t the direct dyes exist in solution as fully dissociated salts of the type N azD, and th a t of all the ions present only the dye anions are specifically adsorbed a t the cellu lose/water interface. The distribution of all other ions is determined by the need for electrical neutrality in any finite volume of the system. Hanson et al. divide the dyeing system into two parts, namely, the aqueous solution contained within the fibre and the external solution, and proceed to apply the laws of membrane equilibrium to the distribution of ions between these two parts of the solution. Willis et al. postulate a force attracting dye ions to the cellulose surface which varies as some function of the distance and which is opposed by thermal agitation so th a t the final concentration of dye near the cellulose/water interface is higher than it is in the external solution and decreases gradually with increasing distance from the surface. Such a picture is probably nearer the tru th than any arbitrary division of the system into two parts, but the mathematical treatm ent is extremely complex and the resulting equations cannot be evaluated. Consequently, Willis et al. are forced to introduce the simplifying assumption th at the attractive force is constant over a finite volume near the interface and is elsewhere zero, which is equivalent to division of the solution into two parts. Using this simplification, these authors develop a number of linear relations between the amount of dye adsorbed by cellu lose and the concentrations of dye and other electrolyte in the external solution, which are found to agree in many respects with the experimental data. Some discrepancies still remain, however,«as will be indicated later.
Of the two theories, th a t of Hanson et al. appears to yield the more precise agree ment between calculated and observed dye adsorptions, but in one important aspect neither theory is completely satisfactory. A problem which has always been out standing in this field is th at of finding a satisfactory measure of the affinity of a direct dye for cellulose, so th at the effect of dye structure may be assessed in a quantitative manner. These theories in their present form do not provide such a measure. I t is the object of the present paper to show th at a conventional thermo dynamic treatm ent of the subject will provide a quantitative measure of affinity and will furthermore yield in a much simpler manner all the relations derived by Willis et al., and finally th at it will explain some of the discrepancies between the experimental data and the theory of those authors.
Theoretical
In dyeing, the affinity of a dye for a fibre may be most satisfactorily defined as the standard change in chemical potential accompanying the adsorption process. In a system at equilibrium, where a component is distributed between two phases, fibre and solution, the chemical potential of the component must be the same in both phases so th at -A/4° = RTlna^ -RTlna^,
where A//° is the standard change in chemical potential of the component and aF and as its activity in the fibre and solution respectively. The problem of determining the affinity A/t° of a dye for a fibre may be resolved therefore into that of finding a suitable definition of the activity in the two phases. In solution, the direct dyes, which are usually sodium salts of the type NazD, where Z is the basicity of the dye anion, may be assumed to be completely dissociated, as the aromatic sulphonic acids are strong acids. Since the solutions used are very dilute, it is permissible to use concentrations in place of activities so that in the external solution rXT rTX,
where [Na]s and [D] s are the ionic concentrations.
In the fibre a satisfactory definition of activity is more difficult to obtain. Where ions are adsorbed upon specific sites at the fibre/water interface, the activity may be represented by 6/(1 -6) , where 6 is the fraction of the total are occupied by the ions. In the case of wool, where specific sites exist for both anions and cations, this representation is justified and leads to the equations developed by Rideal & Gilbert (1944) for the adsorption of acids by wool. These equations appear to describe very adequately the adsorption of acid dyes by wool. In the case of cellulose, however, there are no ionic sites for adsorption, although there is much evidence to suggest th at some correspondence between the structure of the direct dye molecule and the cellulose molecule is essential for substantivity. Furthermore, Neale has shown th at the maximum amount of Chlorazol Sky Blue F F which is adsorbed by cellulose corresponds roughly with the available surface area if the dye is assumed to form a monomolecular layer. Thus it appears a t first sight th a t it might befeasible to regard the dye as being adsorbed upon a limited number of sites of a non-ionic type, and to represent its activity by the fraction 0/(1 -However, examination of the behaviour of a number of direct dyes suggests th at this approach is not satisfactory. Thus the saturation value of a cellulosic fibre towards different direct dyes varies by a factor of a t least five from dye to dye, with no connexion apparent with the molecular size or constitution of the dye. This behaviour is in distinct contrast to th at of acid dyes on wool, where the great majority of dyes give almost exactly equivalent saturation values.
Furthermore, in the case of Chrysophenine G on cellophane, for example, the estimated saturation values appear to vary with the concentration of sodium chloride present in the system. Consequently it is not possible to represent the activity of the dye anions in the cellulose fibre as a function of the fraction of sites occupied unless it is assumed th a t the type and number of available sites differs from dye to dye. The cations which must accompany the dye into the fibre to main tain electrical neutrality, similarly cannot be represented by any function of this type, as no sites for the adsorption of such ions exist. Consequently, as a first approximation, the activities of the various ions in the fibre must be represented by their contentrations. For this purpose the measured weight concentration (e.g. moles of dye per kg. of fibre) is divided by a volume term V (litres per kg. of fibre) which represents the volume of a thin layer of solution near the fibre/water interface which contains all the variations in ionic concentration. Assuming the dye to be completely dissociated, its activity in the fibre may be represented as
This equation gives directly all the relations derived in a more complex manner by Willis et al. provided th a t one further assumption is made, namely, th at the quantity of any other electrolyte in the fibre is negligible as compared with the amount of dye present. I t will be shown later th at this assumption is not justified and th at its introduction largely accounts for the discrepancies between the theo retical predictions and the observed results. However, making this assumption for the moment, it follows th at [Na]F = Z[D]F for electrical neutrality in the fibre. Hence equation (5) becomes
from which the following conclusions may be drawn for adsorption from a solution containing the dye as its sodium salt together with a second inorganic sodium salt such as sodium chloride.
(а) If the sodium-ion concentration in the dye-bath is constant, equation (6) becomes
A plot of the logarithm of the dye adsorbed by the fibre against the logarithm of the dye in solution at equilibrium should give a straight line of slope 1/(Z + 1).
(б) At a constant dye concentration in the dye-bath, the effect of salt concen tration will be given by
Again a logarithmic plot of the dye on the fibre against the sodium-ion concen tration in the dye-bath should yield a straight line of slope Z/(Z + 1).
(c) If the conditions are so arranged th at the concentration of sodium ions in the dye-bath is always proportional to the dye ion concentration in the dye-bath, i.e.
[Na]s = AfDjg, then
Under these special conditions, as Willis et al. first pointed out, the concentration of dye in the fibre should be directly proportional to its concentration in the dye-bath. 
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Thus a logarithmic plot of the salt dye ratio against the substantivity ratio should again give a straight line of slope Z /(Z + 1).
As already stated, Willis et al. made a very detailed examination of the adsorption of Chrysophenine G on cellophane sheet, and found th at the data, when plotted in the four ways suggested, did yield straight lines in accordance with theory. The slope of the lines, however, did not agree with th at predicted, a fact which is rather lightly dismissed by these authors. The results obtained by Hanson with Chlorazol Sky Blue FF on cotton lie on slightly curved and not straight lines when plotted in this way, but again the mean slope is not th at predicted. These discre pancies are due to the simplifying assumption that the concentration of electrolytes other than dye inside the fibre is negligible. This may be shown by using the complete form of equation (6) and inserting the actual concentration of sodium ions in the fibre. Assuming th at sodium chloride is the foreign electrolyte present in the system then the chemical potential of sodium chloride in the volume of solution near the fibre/water interface must be equal to its chemical potential in the external solution. If neither sodium nor chloride ions are adsorbed by the fibre, the standard chemical potential in both parts of the system must be the same, so th at ignoring activity coefficients rXT , r™, Combining (12) and (13) The affinity values given in the last column of the table are remarkably constant and provide complete justification for the use of ionic concentrations as a measure of activity in the fibre. The figures for sodium-ion concentration in the fibre are of especial interest.
In the first series of experiments, for example, in which the dye-bath salt con centration is substantially constant, the sodium-ion concentration in the fibre at the lowest dye concentration is about 9-6 times the dye ion concentration in the fibre, but at the highest dye concentration the factor is only 4*9 times. This is because, in absence of dye, the fibre still contains sodium ions at a concentration similar to that in the external solution, but with increasing dye adsorption each dye ion carries with it four sodium ions, so th at a t a very high dye adsorption the sodium ions thus brought into the fibre outweigh those due to the imbibition of solution and the ratio of sodium to dye ions approximates to four in the limit. Under these conditions therefore, it is obvious th a t the simplification of putting [Na]F = Z[D]F is not justified. In figure 1 , these results are plotted on a logarithmic basis and it will be seen th a t the points lie on a slightly curved line. The slope of this line in its straightest part is about 0*36, whereas according to the theory of Willis et al. it ought to be l l( Z + 1) = 0-20. The difference is clearly shown in the figure by com parison with the line of theoretical slope. against log [Na]s (log [D]s being constant) the points should lie on a line of unit slope which is actually so (figures 3 and 4). These results thus provide excellent confirmation of the theory already outlined and indicate th at it is the activity of the dye as a whole and not the activity of the dye anion alone which is im portant in the adsorption equilibrium.
The data on the dyeing behaviour of Chrysophenine G due to Willis et al. is far more comprehensive, for these authors have determined complete adsorption isotherms for this dye on cellophane sheet a t constant salt concentrations using a wide range of salt concentrations a t temperatures of 97*5, 80, 60, 40 and 20° C.
The results obtained with different salt concentrations at 40° C are plotted on a logarithmic basis in figure 5 , from which it will be seen th at the points lie mainly on straight lines. However, it will be observed again th a t the slope of the lines is predicted by the theory of these authors to be 1 /(Z + 1) = 0*33, whereas the actual slopes as given in table 2. The difference is clearly shown in the figure by the line of slope 0-33. I t will be observed th a t there is a general tendency for the slope to increase with increasing salt concentration, and this is in agreement with the views already outlined, for at infinite salt.concentrations the slope of the line should be 1*0, while in complete absence of salt [Na]F must be equal to Z\jy\F or neutrality, and the slope should be 0-33. The complete results a t this temperature have been worked out according to equation ( are also given. In these calculations a value of 0-33 litre per kg. has been ascribed to V (see later).
As before, if the logarithms of the ionic products in the fibre and in the solution are plotted, the points lie close to lines of unit slope (as for example figures 6 and 7). The results for the affinity of Chrysophenine G in the above table are fairly con sistent under any single set of experimental conditions and show no clear tendency to drift with increase in dye concentration. There is also no indication of consistent change in affinity with salt concentrations at this temperature, except th at the values a t the lowest salt concentration are significantly less than the other values.
Some affinities calculated a t other temperatures and salt concentrations are shown in table 4.
The complete results at 60 and 97-5° C do show a tendency for the affinity to rise with increasing salt concentration in the dye-bath. One possible explanation of this is the neglect of activity coefficients in the calculation. 
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The effect of temperature is also shown in the table. From the results, the heat of adsorption may be determined by plotting against 1 /T , where T is the absolute temperature. For this purpose the mean value of A for salt concentrations of 0-2 to 4-0g. per 1. inclusive have been taken a t 97-5, 60 and 40° C. The points lie on a straight line and the value of A Hi s -15,200 cal. I t is o amiss with the affinities obtained at 20° C, as these should be greater than those at 40° C. The reason may be th at the true equilibrium has not been attained, or alter natively that aggregation is occurring at the lower temperature, although the latter seems unlikely in view of the diffusion measurements of Holmes & Standing (1945) . I t will be apparent from these results th at the standard thermodynamic treatm ent outlined here does fit the experimental data on both Chlorazol Sky Blue FF and Chrysophenine G very well indeed over a wide range of dye and salt concentrations and temperatures. The method has the advantage of simplicity as compared with previous treatments and, furthermore, leads directly to numerical values for the affinity and heat of reaction of direct dyes on cellulose. The main defect of the method arises from the introduction of the arbitrary volume term V.
The significance of V
The introduction of a volume term representing the volume of a layer of solution next to the actual cellulose/water interface which shall contain all the variations in ionic concentrations near the interface, is common to all the quantitative theories of cellulose dyeing which have been advanced. In the present case, however, the term (Z + 1) In V,which appears in the equation for the standard change in chemi potential, proves to be of a similar order of magnitude to the sum of the remaining terms.
If attention could be confined to dyes of the same charge on one fibre, this volume term would have little significance, but since direct dyes vary in charge from one to four and since the behaviour of dyes on different cellulosic fibres is of interest , then obviously the value ascribed to F becomes of very great importance. I t is therefore much to be regretted th at the choice of a suitable value is largely arbitrary. Hanson et al. used 0-22 litre per kg. for cotton, a figure selected by trial an to yield the best agreement between observed and calculated dye adsorptions in the experiments already described. They observed th at this figure is in close agreement with the maximum amount of water bound by cotton a t 90° C from saturated water vapour according to the data of U rquhart & Williams (1924) . Usher & Wahbi (1942) have suggested th at a larger volume should be used, but their evidence is not very convincing, and accordingly Neale's value has been adopted in the preceding calculations.
Where other cellulosic fibres are involved the problem is more complex. The data of U rquhart & Williams is confined to lower temperatures and a t 25° C leads to the volumes indicated in table 5. These volumes are not very satisfactory, however, for they indicate a difference between viscose rayon and cellophane which is not found in dyeing. Furthermore, if dyeing is due to a molecular attraction between dye and cellulose, it seems probable th at the standard affinity should be the same for all cellulosic fibres, but the use of the volumes derived from moisture adsorption does not lead to this result. Thus By choosing another set of volumes as indicated in table 5 the results with Chlorazol Sky Blue FF may be brought much closer together a t -5820, -5920 and -5720 cal. on cotton, cellophane and cuprammonium rayon respectively, while with the same value of 0-45 for both cellophane and viscose rayon, the Willis et al. data gives -3930 cal. for Chrysophenine G on cellophane in good agreement with the value of -3700 cal. on viscose rayon. However, the use of volume terms based upon the relative adsorption of a single dye can scarcely be justified in view of the fact th at other experiments by Griffiths & Neale (1934) have indicated th a t the ratio of dye adsorption on different cellulosic fibres varies from dye to dye and in particular is greatly dependent upon the charge on the dye anion. On the other hand, while it cannot be supposed th a t the volume of the surface layer involved in dye adsorption is equal to the volume of water adsorbed by cellulose fibres, it is reasonable to • suppose, since both are directly related to the total intermicellar surface of the fibres, th at they should be proportional. Further work is in hand to investigate this m atter and pending more definite evidence, the moisture adsorption volumes in table 5 will be employed in evaluating standard affinities. Accordingly, care should be taken in comparing dyes of different charge and the behaviour of different fibres.
The affinity of direct dyes for. viscose rayon
In order to gain some idea of the variation in affinity between direct dyes the adsorption of a number of dyes on viscose rayon has been examined. Conditions were standardized by dyeing at 60° C in a 50 volume dye-bath in presence of 0*01 N sodium chloride. The dyeing time was 1 week which was found to be adequate for the attainm ent of equilibrium. The viscose yarn was of 100 denier and was scoured before use by treatm ent for 20 min. a t 60° C in a solution containing 3g. soap and 1 ml. of ammonia (0*880) per litre, followed by rinsing, drying and conditioning. The dyes were purified before use by the sodium acetate method. Complete adsorption isotherms were determined for each dye, the amount of dye both on the fibre and in the solution being estimated colorimetrically in 25 % pyridine. The results, with the affinity for each point, calculated using V = 0*45, are given in table 7.
These results, which represent the first quantitative measure of the affinity of direct dyes for cellulose, show a considerable range of affinities which is reflected in the dyeing behaviour of the dyes. The values determined for the individual points on the isotherm generally show a drift with concentration, although in some cases the affinity increases with increasing dye concentration and in others decreases. In some cases, as for example Chlorazol Blue 3B, the variation can be attributed to the fact th at the line obtained by plotting the individual points on a logarithmic basis, as already described, does not have the slope which would be expected on theoretical grounds even when corrections for the sodium ion concentration in the fibre have been applied. I t is possible th at these discrepancies may be due to some association of the dye in solution, or to the neglect of activity coefficients. The variations are however much less than the differences between dyes so th at the mean affinities should provide a satisfactory measure of the tendency of the dyes to be adsorbed on cellulose.
One way in which the relative affinities of dyes may be expected to become manifest is in the adsorption of dye in the initial stages of dyeing especially from a bath containing a mixture of dyes. Clearly that dye having the greatest difference in chemical potential between the fibre and the aqueous solution will be most quickly adsorbed. This difference in chemical potential is not the standard difference in chemical potential which refers to the difference between a solution and a fibre
The adsorption of direct dyes on cellulose Vol. 192. A. The dyes are arranged in order of their mean affinities in table 7. both of which contain the dye a t unit activity. The change in chemical potential which is involved when the system is not in equilibrium is
and since the fibre initially contains no dye the fibre term may be dropped from the equation as it will be the same for all dyes. Hence the relative driving force for different dyes will be given by
I t will be evident from this equation th a t the actual affinity will be very largely dependent on the salt concentration in the dye-bath and the effect will be greatest with dyes having a high charge. This is shown in the following table where affinities have been calculated for the undyed fibre from dye-baths containing 0*10 mol. of dye and 0-01 and 0*1 mol. of sodium chloride per litre. he adsorption of direct dyes on cellulosecarried out a t 60° C by placing pieces of viscose rayon fabric successively for short times in a bath containing the two dyes in equimolecular proportions. By exam ining the shade of successive dyeings it was easy to determine which component was being preferentially adsorbed in the initial stages of dyeing. Experiments in 0*1 and 0-0lN-NaCl fully confirmed the results shown in table 8, the blue being adsorbed first from the 0-1 N-NaCl and the yellow first from the 0*01 N-NaCl.
The physical picture of these changes is th a t the dye ions are adsorbed on the cellulose by virtue of their affinity but in this process work must be done against osmotic pressure to bring the requisite number of gegen-ions into the fibre. This work will decrease as the salt concentration increases owing to the electrolyte concentrations inside and outside the fibre being brought closer together.
The adsorption of direct dyes in absence of foreign electrolyte
The effect of electrolyte in promoting the adsorption of direct dyes by cellulose is so marked th at it has been suggested, from time to time, th at in the complete absence of additional electrolyte no dyeing of cellulose can take place. This scarcely seems probable in the light of the configurational theories which have been suggested to account for the substantivity of direct dyes, and in any case the dye itself must act as an electrolyte of corresponding concentration. On the other hand, it has been observed experimentally by Boulton, Delph, Fothergill & Morton (1933) th at electro lyte free Chlorazdl Sky Blue FF will not colour cuprammonium rayon in absence of salt, while a similar observation was made by Hanson & Neale (1934) . Morton (1935) found th at the same dye in absence of salt could not diffuse through a cellophane membrane, while Schramek & Gotte (1932) also found th at a number of electrolytefree dyes did not colour cotton. Neale (1935) has already suggested th at these effects may be due to the high electrical potential of the cellulose surface in absence of salt, which will tend to prevent the approach of anions. If this is the case then the effect should be most marked with anions having a high charge and low affinity but with dyes of low charge and high affinity in absence of salt some dyeing might be expected still to occur. This view seems to be in accord with the facts for the dye most studied in this connexion is the tetrabasic Chlorazol Sky Blue FF while the dyes used by Schramek & Gotte were also tetrabasic. W ith the dibasic Benzopurpurine 4B, Neale and Boulton et al. observed th a t adsorption in absence of salt, although small, still persisted while Schramek & Gotte were able to determine an adsorption isotherm of salt free Oxamine Violet R which is also dibasic (figure 8). Recently, Willis et al. have determined the adsorption of Chrysophenine G in absence of salt at both 60 and 90° C.
The preceding table indicates th at the dye which is the most likely to be adsorbed from a salt-free dye-bath, of all those tested, is Benzopurpurine 4B and accordingly we have examined the behaviour of this dye in this connexion, and have found th at considerable dyeing does take place as shown in the following table: The form of the isotherm in absence of salt is especially simple, for then The points should thus lie on a straight line through the origin. The results obtained by Willis et al. actually lie on a line of sigmoid shape but it is interesting to note that the straight line calculated for an affinity of -4500 cal. does pass well through the points (figure 9). The adsorption of Chlorazol Sky Blue F F on cellophane in presence of increasing amounts of salt was found by Hanson et al. to follow a similar sigmoid curve. These authors attributed the effect to the presence of the carboxyl groups in the cellophane which by dissociation increase the negative charge of the surface and thus increase the difficulty of dyeing. As more electrolyte is added (in the present case the dye itself) the electrical effect is reduced. If this is the true explanation then the effect should be absent with cotton which contains but few carboxyl groups as compared with cellophane. It was for this reason th at the dyeings of Benzopurpurine 4B were made on cotton instead of viscose rayon.
The results, and also those of Schramek & Gotte with Oxamine Red, are of a different type from those obtained on cellophane, the experimental points lying on straight lines which do not pass through the origin, but intercept the dye in fibre axis. This behaviour suggests th at there are in cotton a small number of sites for which the dye has high affinity. These adsorb dye strongly from dilute solution even in the absence of electrolyte, but when all are saturated, dyeing on the more plentiful but less active sites occurs. If the dye adsorbed on these active sites be deducted from the total dye adsorbed, an affinity of about -5000 cal. may be calculated for the adsorption of Benzopurpurine 4B on the less active sites. The behaviour is in accord with the observations of Gnehm & Kauffier (1902) th at the last trace of direct dye adsorbed by cotton cannot be removed by repeated water washing. As regards the nature of the active sites it can only be conjectured th at they are of an ionic type and probably consist of positively charged basic groups. / / # 
